We report on the Suzaku results of the mixed-morphology supernova remnant (SNR) G290.1−0.8 (MSH 11-61A). The SNR has an asymmetric structure extended to the southeast and the northwest. In the X-ray spectra of the center and the northwest regions, we discover recombining plasma features with the strong Si Lyα and radiative recombination continuum at ∼ 2.7 keV. These features are the most significant in the northwest region, and the spectra are well-reproduced with a recombining plasma of kT e = 0.5 keV. Whereas the spectra of other regions are expressed by an ionizing plasma of kT e = 0.6 keV. The recombining plasma has over-solar abundances, while the ionizing plasma has roughly solar abundances. Hence they are likely ejecta and interstellar medium (ISM) origin, respectively. The recombining plasma in the northwest of G290.1−0.8 would be generated by a break-out of the supernova ejecta from a high density circumstellar medium to a low density ISM.
Introduction
A quarter of the X-ray-detected supernova remnants (SNRs) in our Galaxy belong to a mixedmorphology (MM) SNR (Jones et al. 1998) . They have center-filled thermal X-ray emissions in a 1 synchrotron radio shell (Rho & Petre 1998) . They are generally associated with molecular clouds, and often contain OH (1720 MHz) masers (e.g., Yusef-Zadeh et al. 2003) . Some MM SNRs exhibit the TeV/GeV gamma-ray emissions, indicating the presence of high energy protons interacting with molecular clouds (e.g., Abdo et al. 2010) . These facts suggest that MM SNRs are located in the dense environments which contain massive stars. Therefore, we expect that they are originated in core-collapse supernovae (CC SNe).
Recently, the Suzaku satellite has discovered strong radiative recombination continua (RRC) in the X-ray spectra of several MM SNRs (e.g., W49B: Ozawa et al. 2009; IC 443: Yamaguchi et al. 2009 , Ohnishi et al. 2014 ; G359.1−0.5: Ohnishi et al. 2011; W28: Sawada & Koyama 2012 ; W44: Uchida et al. 2012; G346.6−0.2: Yamauchi et al. 2013; 3C 391: Ergin et al. 2014 ). In the case of W49B, with the XMM-Newton, Miceli et al. (2010) confirmed the RRC feature and found that it is spatially localized. The strong RRC emissions are the direct evidence that these SNRs have recombining plasmas (RPs). The RP is also characterized with a higher ionization temperature, kT z , than an electron temperature, kT e , unlike a collisional ionization equilibrium (CIE: kT e = kT z ) or an ionizing plasma (IP: kT e > kT z ). Although the formation process of the RP has not been understood yet, the strong correlation between the RPs and the MM SNRs suggests that the RP would be formed under the environments for MM SNRs. Kesteven (1968) discovered G290.1−0.8, also known as MSH 11-61A, in the radio band. The radio image obtained with the Molonglo Observation Synthesis Telescope (MOST) revealed its asymmetric geometry elongated in the southeast and the northwest direction with the size of 15 ′ × 10 ′ (Kesteven & Caswell 1987; Milne et al. 1989) . Filipovic et al. (2005) reported that the NANTEN CO data suggest a dense molecular cloud in the southeast of the SNR. Reynoso et al. (2006) studied the gas distribution and kinematics in detail, and suggested that the SNR probably lies in the Carina arm, at a distance of 7 ± 1 kpc. In X-ray, G290.1−0.8 was found by the Galactic SNRs survey with the Einstein Observatory (Seward 1990 ). The Advanced Satellite for Cosmology and Astrophysics (ASCA) found that the Xray is a thermal plasma emission, and then classified this SNR as a member of the MM SNRs (Rho & Petre 1998) . García et al. (2012) analyzed the XMM-Newton and the Chandra data focusing on the asymmetric geometry of the SNR. They concluded that the plasmas in the southeast and the northwest regions are IPs, while those in the other regions are CIEs. Employing these X-ray results and the H I map, they proposed that the SNR is due to a core collapse of a high mass progenitor with a bipolar wind. Pavan et al. (2011) discovered a hard X-ray source, IGR J11014-6103, about 10 ′ at the southwest of G290.1−0.8. Halpern et al. (2014) detected the pulsation of 62.8 msec. This pulsar has a prominent jet extending toward the northwest and a possible counter jet to the southeast (Pavan et al. 2014) . It also has a bow shock tail pointing to the center of G290.1−0.8. Moreover, the absorption (N H ) of the pulsar is similar to that of G290.1−0.8. Thus IGR J11014-6103 would be an associated pulsar of G290.1−0.8, a compact remnant of a CC SN. Halpern et al. (2014) estimated the spin-down age to be 116 kyr, significantly larger than the previous estimation of the SNR age of 10-20 kyr (Slane et al. 2002) .
In this paper, we present the Suzaku observation results of G290.1−0.8. The size of the SNR allows us to perform a spatially resolved spectroscopic study by using the Suzaku telescope. The high sensitivity and the high energy resolution of Suzaku enable us to accurately determine the X-ray spectral features of the thermal plasma. We report the first discovery of the RP from this SNR. Based on the detailed analysis of the plasma structure, we discuss the evolution of G290.1−0.8.
Observation and Data Reduction
The Suzaku satellite (Mitsuda et al. 2007 ) observed G290.1−0.8 on 2011 June 25 (PI: K. Koyama) with the X-ray Imaging Spectrometer (XIS; Koyama et al. 2007) . The observation log is given in table 1. The XIS consists of three active sensors placed on the focal planes of the X-ray Telescopes (XRTs; Serlemitsos et al. 2007 ). Two of the XIS are front-illuminated (FI) CCDs, sensitive in the 0.4-14 keV, while the other is a back-illuminated (BI) CCD, with high sensitivity down to 0.2 keV. The spaced-row charge injection (SCI; Nakajima et al. 2008) technique was performed for all of the XIS on this observation. We use the version 6.15 of the HEAsoft tools (ver.19 of the Suzaku software) for the data reduction. The archival data are reprocessed with the calibration data base (CALDB) released in 2014 April. The total exposure time after the standard screening 1 is about 110 ks. Figure 1 shows X-ray images in the 0.6-1.5 and 1.5-4 keV bands. We combine the data from all the XIS to maximize the photon statistics. The images are binned with 2.
Analyses and Results

Imaging Analysis
′′ 1 × 2. ′′ 1 and smoothed with a Gaussian kernel of σ = 0. ′ 5. We overlay the 843 MHz radio profile obtained by the MOST with white contours. We can see a center-filled X-ray emission in the radio shell, which is the typical feature of the MM SNRs. The diffuse emission from G290.1−0.8 is mainly found in the 0.6-4 keV band; no significant emission except the X-ray background is found above this energy band. We see ear-like structures at the southeast and the northwest that are prominent in the 1.5-4 keV band.
Spectral Analysis
We use the XSPEC software version 12.8.2a in the following analysis. The redistribution matrix files (RMFs) and the ancillary response files (ARFs) are generated with xisrmfgen and xisarfgen (Ishisaki et al. 2007 ), respectively. We adopt the solar abundances of Anders & Grevesse (1989) . Unless otherwise specified, all errors represent 90 % confidence levels.
Background Estimation
Since G290.1−0.8 extends widely over the field of view (FoV) of the XIS, the X-ray background region is not available from the same FoV. Therefore, we use the data from a nearby sky field: a blank region in the field of the X-ray pulsar 1E1048.1−5937. We extract the background data from the whole FoV of the XIS, excluding the pulsar region of 4 ′ radius. We generate the non X-ray background (NXB) using xisnxbgen (Tawa et al. 2008 ) and subtract it from the extracted spectrum. This background spectrum consists of the cosmic X-ray background (CXB), the Galactic ridge X-ray emission (GRXE), and the Galactic halo (GH) (e.g., Kushino et al. 2002; Kaneda et al. 1997; Henley & Shelton 2013) . Then, we fit the spectrum with a model of [Abs1 × powerlaw (CXB) + Abs2 × (apec (HP) + apec (LP)) + Abs3 × apec (GH)], where the apec is a CIE plasma model in the XSPEC. The second term is the GRXE component, which is represented with a 2-CIE model, a high-temperature plasma (HP; kT e ∼ 7 keV) + a low-temperature plasma (LP; kT e ∼ 1 keV) (Kaneda et al. 1997; Uchiyama et al. 2013 ). The CXB component parameters are fixed at those in Kushino et al. (2002) . The model is nicely fitted with χ Since the Galactic coordinate of G290.1−0.8 is slightly different from that of the 1E1048.1−5937 field, we fine-tune the GRXE flux using the spatial structure of the GRXE. Kaneda et al. (1997) estimated its Galactic latitude distribution by an exponential function with the e-folding values of ∼ 0.
• 5 and 1
• for the HP and the LP, respectively. Uchiyama et al. (2013) estimated the Galactic longitude distribution by an exponential function with the e-folding values of ∼ 50
• both for the HP and the LP. Then, we can estimate the fluxes of the HP and the LP at G290.1−0.8 to be ∼ 60% and ∼ 80 % of those at 1E1048.1−5937 field.
Analyses of the Spectra
Since the spatial structure of G290.1−0.8 is asymmetric (Kesteven & Caswell 1987) , we divide the SNR into the Center, NW, SE, NE, and SW regions as shown in figure 1 (b) . The NXBsubtracted spectra are shown in figure 2. We first apply a 1-component IP adding the background model spectrum given in the previous subsection. We use the plasma code (vvrnei) in the XSPEC package. The vvrnei calculates the spectrum of a non-equilibrium ionization plasma after a rapid transition of the electron temperature from kT init to kT e . The initial plasma temperature kT init is fixed at 0.01 keV. The present electron temperature kT e , ionization timescale n e t, emission measure, and column density N H are free parameters, where n e and t are an electron density and an elapsed time after the initial state. The abundances of Ne, Mg, Si, S, Ar, and Fe are also allowed to vary freely, while the abundances of Ca and Ni are linked to those of Ar and Fe, respectively. The CXB flux is free within the fluctuation expected for the area of each region (Kushino et al. 2002) , while the other background parameters are fixed to the values in the table 2. This fit, however, leaves a large residual around 1.2 keV. This residual is due to the error of Fe-L lines in the current XSPEC code (e.g., Borkowski et al. 2006; Yamaguchi et al. 2011) . We therefore add a Gaussian line at 1.2 keV. The χ 2 ν values are improved to 1.19 (Center), 1.24 (NW), 1.08 (SE), 4
1.06 (NE), and 1.10 (SW). Contrary to the nice fits for the SE, NE and SW regions, the IP models for the Center and particularly the NW spectra are rejected with the large χ 2 ν values. For example, the fits of the NW spectra leave hump-like residuals around 2.7 keV and line-like residuals at 2.0 keV (see the middle panels of the NW spectra in figure 2 ). The former residuals correspond to the RRC of Si, while the latters are Si Lyα (2.01 keV). These residuals indicate that the ionization state of Si is higher than that expected from the IP model. In particular, the RRC structure of Si strongly suggests that the plasma is in a recombining phase.
We therefore apply RP models for the spectra of the Center and the NW (1-component RP plus a Gaussian line). Unlike the fixed initial temperature kT init of 0.01 keV in the IP fit, the RP fit assumes a high temperature in the initial phase of the plasma. The RP fit assumes a rapid electron cooling of kT init → kT e at an early phase of the plasma evolution. Thus the free parameters are kT init , kT e , and n e t, where t is an elapsed time after the rapid cooling of the electron temperature. This RP model fit significantly improves the χ 2 ν value to 1.12 and 1.10 for the Center and the NW spectra, respectively. The hump-like residuals in the IP fits disappear in the RP fits (see the bottom panels of the Center and NW spectra in figure 2 ). On the other hand, the RP fits for the SE, NE and SW spectra do not significantly improve the χ 2 ν value from those of the IP fits. Although the hump-like residuals also seen in the NE, the current photon statistics does not allow us to discriminate the IP and RP models.
The best-fit spectra and parameters for the RP fits (Center and NW) and IP fits (SE, NE, and SW) are shown in the figure 2 and table 3. The null hypothesis probabilities of the IP fits are 8 × 10 −7 (Center), 9 × 10 −6 (NW), 0.03 (SE), 0.08 (NE), and 0.01 (SW), while those of the RP fits are 0.001 (Center), 0.03 (NW). Although all the spectra are statistically rejected under the canonical criterion of the null probability of 0.1, the IP fits for the SE, NE and SW and the RP fits for the Center and NW are marginally acceptable by taking account of possible systematic errors. We select the similar regions to those employed in García et al. (2012) . They reported that CIE models adequately describe some of the regions. We therefore try CIE models for the direct comparison between the Suzaku and the XMM-Newton results. The CIE results, however, show no significant difference from the IP fits within the systematical uncertainty; the χ 2 ν values of the CIE fits are 1.22 (Center), 1.24 (NW), 1.12 (SE), 1.09 (NE), and 1.11 (SW). We thus use the IP fit results for the SE, NE, and SW regions, while the RP results for the Center and NW regions in the following discussion as the good approximation.
Discussion
We find that the spectrum of G290.1−0.8 is well described by RPs in the Center and NW regions, while those in the SE, NE and SW regions are IPs. The electron temperatures are 0.45 −0.02 keV (SW). Thus the temperatures of the RP regions (Center and NW) are lower than those of the IP regions (SE, NE, and SW) about 25 %. The ionization parameter (n e t) in the NW region is smaller than that in the Center region, which is consistent with the fact that the apparent RRC feature in the NW spectrum is clearer than that in the Center. In contrast, the XMM-Newton observations reported the plasma of IP or CIE in all the regions (García et al. 2012) . We believe that the discrepancy is due to the better energy resolution and photon statistics in the hard energy band of Suzaku than those of XMM-Newton (as in the case of IC 443; Yamaguchi et al. 2009 ).
As we noted in the section 3.2.2, we allowed the possible fluctuation of the CXB in the source regions. We here examine the effect of the CXB fluctuation changing the flux by ±50 %, which is the largest deviation expected for each region, of the nominal value (Kushino et al. 2002) . The results, however, show no significant change of the χ 2 ν and the best-fit parameters; for example the electron temperatures change only by 0.01 keV, which is within the range of the statistical errors.
The abundances of the RP are over-solar, while those of the IP except in the SE region are roughly 1 solar. The abundances in the SE region seem intermediate between those in the RP and IP regions. Probably, the plasma in the SE region is a mixture of the RP and the IP. In fact, although the significance level is low, the RP fit for the SE (χ 2 /d.o.f. = 1210/1125) is slightly better than the pure
The abundance pattern of the RP in NW is shown in figure 3 together with the prediction from the massive progenitor (Woosley & Weaver 1995) . The pattern is roughly similar to that of ejecta from the progenitor star of M = 20-25 M ⊙ . On the other hand, the solar abundances of the IP in the NE and SW regions suggest that the plasma is ISM origin.
In detail, the Ne and Fe abundances in every region are systematically lower than the other elements. The Fe abundances are mainly determined by the line fluxes of Fe-L lines, which have rather large uncertainty in the present plasma code. The main transitions are 3s→2p (∼ 0.7 keV) and 3d→2p (∼ 0.8 keV) of Fe XVII. These low energy line fluxes are significantly affected by the low energy absorptions and contamination from the Lyβ of O VIII (0.77 keV). As the results, the Fe abundance may have a large error, and hence apparent depletion of Fe may occur. The Ne abundances are due to Kα lines of Ne IX and Ne X. The L-line energies from more highly ionized Fe XIX come near the Kα of Ne IX (e.g., see Brinkman et al. 2000) . Therefore, coupled to the large error of Fe abundance, the Ne abundance would have a large error too. However, the reason of apparent Ne depletion is somehow puzzling. We simply note that the same depletions of Ne and Fe are observed in García et al. (2012) , and also reported from other SNRs (e.g., W28, Sawada & Koyama 2012) .
To form the RP in the Center and the NW regions, either a rapid electron cooling or an enhancement of ionization should occur. In the former case, the electron temperature is expected to be lower in the RP region, while visa versa for the latter case. Since our results show a lower temperature of the RP than that of the IP, the former scenario is preferable; the electron cooling occurred to the center-northwest direction.
The electron cooling may occur by a thermal conduction from cold clouds Shelton et al. 1999) . In this case, the RP should be prominent in the contact region with cold dense clouds. Filipovic et al. (2005) reported that a dense molecular cloud may be interacting with the 6 SNR shock at the southwest. However, no hint of interaction such as maser sources is found in the cloud. Furthermore, the position of the molecular cloud is significantly off-set from the RP region (Center-NW). Moreover, we see no hint of a thermal conduction: no temperature decrease toward the molecular clouds. Thus the thermal conduction is unlikely for the RP in the Center to the NW of G290.1−0.8.
We therefore discuss an alternative scenario of the rapid electron cooling, an adiabatic rarefaction (Itoh & Masai 1989; Shimizu et al. 2012) . Since the ejecta of RP is aligned from the Center to the NW, and the electron temperature decreases toward the same direction, the rarefaction would be jet-like pointing to the NW. Also the X-ray/radio morphologies of G290.1−0.8 extend further to the NW.
Since the best-fit n e t and kT e values may suggest the higher pressure in the RP than that in the IP region, one may argue that this is inconsistent with the rarefaction scenario. However, our rarefaction scenario is not a break-out from the IP (NE and SW) to the RP (Center and NW) regions. We assume that the ejecta became a RP by an adiabatic break-out from the high density circumstellar region (very near the SNR center) to the low density ISM region, while the IP is the result of independent process: canonical ionizing process.
Assuming the distance of 7 kpc and using the best-fit n e t and EM in the NW region, the recombining time (t rec ) is estimated to be 50 (f /0.25) 0.5 kyr. While this value is larger than the estimated SNR age of 10-20 kyr (Slane et al. 2002) , This disagreement is probably due to the simplified age estimation of the complex SNR. In fact, Halpern et al. (2014) reported the spin-down age of the pulsar to be 116 kyr, which favors our recombining time. If the SNR age is equal to the recombining time of 50(f /0.25) 0.5 kyr, the kick velocity of the pulsar is 400(f /0.25) −0.5 km s −1 . This is consistent with the mean value of pulsars of 450 ± 90 kms −1 (Lyne & Lorimer 1994) , and contradicts the high kick velocity of 1000-2000 kms −1 , estimated by Pavan et al. (2014) .
Since the long-jet of IGR J11014-6103 is pointing to the northwest, the same direction of the RP region, it may be conceivable that the RP was made by the jet when the pulsar was still in the main body of the SNR. However, this scenario would be a remote possibility because the jet energy is far less to make a significant over-ionization at the NW plasma, unless it was extraordinary bright, like a gamma-ray burst and its afterglow.
Summary
We have analyzed Suzaku/XIS data obtained from G290.1−0.8. The results are summarized as follows:
1. The plasma states in G290.1−0.8 are different from region to region. We find Si Lyα and RRCs from the NW and the Center sepctra, while not from other regions. Thus the plasmas are in the recombining phase at the Center and the NW, while in the ionizing phase at other regions. 2. The electron temperature of the RP is lower than that of the IP. 7 3. The abundance pattern indicates that the RP is dominated by ejecta of CC SN, while the IP is likely ISM origin. 4. A plausible origin of the RP is the adiabatic rarefaction to the NW direction. • 3, −0.
• 52) 100.4 ks (a . For the plasma model, the RP is employed in the Center and the NW, while the IP is employed in the SE, NE, and SW. The bottom panels are the ratios of the data to the models we applied. For the Center and the NW, we show the ratios of the data to the IP models in the middle panels for comparison. Error bars represent 1 σ confidence levels. 
